NASA Contractor Report 185118

The Measurement of Boundary Layers on a
Compressor Blade in Cascade
Volume II—Data Tables

(NASA-C7-1383%118-¥nl-2Y THL MUASUREMENT uF NPFU-10039

2NUNUARY LAYERS ON A CuMPRESSDR ZLADE [N
CASCADE, VOLUME 2@ DATA TAsLed Finmal 2erngre
(Pennsylvania State univ.) 224 p SCL &7 F unclas

G3/407 6755453

William C. Zierke and Steven Deutsch

Pennsylvania State University
State College, Pennsylvania

July 1989

Prepared for
Lewis Research Center
Under Grant NSG-3264

NASAN

National Aeronautics and
Space Administration



. L T [ e -

(NI INTIL




Foreword

We would like to extend our appreciation to NASA Lewis for supporting this study (NASA
Grant NSG-3624) and to the NASA Lewis personnel for their advice and patience. A special
thanks goes to Mr. Nelson Sanger who acted as the grant manager. Nels gave us some valuable

advice and showed abundant patience. Mr. Don Boldman also gave some valuable suggestions.

As the heads of the Garfield Thomas Water Tunnel during this study, Professor Blaine R.
Parkin and Professor Robert E. Henderson gave valuable support. Many of the other engineers
and technicians at the Applied Research Laboratory supported us and helped with the experi-
mental setup. None of this experiment could have been accomplished without the many students
who helped with the data acquisition and reduction. Fred Williams, Charlie Allen, Russ Taylor,
Rob Synestvedt, Lisa (Shellenberger) Meyer, Ron Merski, and Bruce Kelly all spent many hours

on what sometimes seemed to be a never-ending project.



ii

Table of Contents

Nomenclature

Summary

Chapter 1 Introduction
Chapter 2 Experimental Results

Chapter 3 Reconstructed Values

121



iii

Nomenclature

c blade chord length

Gy static-pressure coefficient = L%'—;;f,*
K kurtosis or flatness

LDV laser Doppler velocimeter

n data point index

N number of samples;

number of data points

j/ static pressure

Re. blade chord Reynolds number = %’1

S skewness

10.975 Student’s t score representing all but 2.5% of one tail of the Student’s t

distribution for a given degree of freedom

u streamwise velocity
U, velocity at the boundary layer or wake edge
|4 velocity

y coordinate normal to the blade surface or across the wake



iv
v kinematic viscosity (0.150 cm?/sec for air)

P fluid density (1.205 kg/m? for air)

Subscripts

inv inviscid
meas measured
1 inlet

Superscripts

! fluctuating quantity



Summary

Measurements have been made of the boundary layers and wakes about a highly loaded,
double-circular-arc compressor blade in cascade. These laser Doppler velocimetry measurements
have yielded a very detailed and precise data base with which to test the application of viscous
computational codes to turbomachinery. In order to test the computational codes at off-design
conditions, the data have been acquired at a chord Reynolds number of 500,000 and at three
incidence angles. Average values and 95% confidence bands have been tabularized for the velocity,
local turbulence intensity, skewness, kurtosis, and percent backflow. Tables also exist for the
blade static-pressure distributions and boundary layer velocity profiles reconstructed to account

for the normal pressure gradient.






Chapter 1 Introduction

In volume one of this report, we reported the detailed measurements and analysis of the
boundary layers and wakes about a double-circular-arc compressor blade in cascade. The highly
loaded blades operated near a chord Reynolds number of 500,000 and at incidence angles of 5.0,
-1.5, and -8.5 degrees. These conditions are typical of modern compressor blades and should
provide an excellent data base for comparisons with viscous computations—especially under off-
design conditions. The physical understanding of this complex flow field was emphasized in
volume one of this report. In this, volume two, we make the measurements accessible to compu-
tational comparison by presenting data tables. As noted in volume one, computer tapes of this
data are available at the Applied Research Laboratory from either William C. Zierke or Steven

Deutsch, at the NASA Lewis Research Center from Nelson Sanger, or from COSMIC.



Chapter 2  Experimental Results

Since the blade static-pressure distribution provides the local streamwise pressure gradients
and thus the resulting character of the boundary layers and wakes, one must first compare
numerical computations with the measured static-pressure distribution. Tables 1, 2, and 3 show
the measured values of the static-pressure coefficient, Cp, for the incidence angles of 5.0, -1.5, and
-8.5 degrees, respectively. The values of the boundary layer edge velocity, U, , that accompany
these measured values of C;, were computed from the inviscid equation

Ue = iy/1.0 - Cp .

The inlet reference velocity, V}, was measured with a five-hole probe approximately 36 mm
upstream of and parallel to the leading edge line. For the incidence angles of 5.0, -1.5, and -8.5
degrees, we measured 1} to be 33.11, 32.88, and 33.28 m/sec, respectively. In computing Cp, we

used the value 1.205 kg/m? for the fluid density.

.Boundary layers and near wakes were measured with a one-component, laser Doppler ve-
locimeter (LDV), while far wakes were measured with a five-hole probe. For the LDV mea-

surements, we employed simple arithmetic averaging to compute the moments of the velocity
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Table 1. Static-pressure coefficients for i = 5.0 degrees

Pressure Surface

Suction Surface

Percent Cyp U, Percent Cy U.
Chord (m/sec) Chord (m/sec)
1.0 0.685 18.58 1.0 -1.346 50.72
3.0 0.547 22.28 2.0 -1.302 50.24
4.0 0.523 22.87 3.0 -0.936 46.08
5.0 0.508 23.22 5.0 -0.481 40.30
6.0 0.508 23.22 6.0 -0.453 39.92
12.2 0.509 23.20 12.2 -0.349 38.46
18.3 0.526 22.80 18.3 -0.270 37.32
24.5 0.545 22.33 24.5 -0.167 35.77
30.7 0.553 22.14 30.7 -0.067 34.20
36.8 0.574 21.61 36.8 0.038 32.48
43.0 0.583 21.38 43.0 0.097 31.47
49.2 0.588 21.25 49.2 0.153 30.48
55.3 0.588 21.25 .55.3 0.196 29.69
61.5 0.590 21.20 61.5 0.243 28.84
67.7 0.597 21.02 67.7 0.260 28.51
73.8 0.584 21.36 73.8 0.292 27.89
80.0 0.5685 21.84 80.0 0.301 27.71
82.5 0.551 21.19 82.5 0.309 27.55
85.4 0.543 22.38 88.3 0.297 27.79
88.3 0.523 22.87 94.5 0.307 27.59
91.3 0.494 23.55 97.3 0.308 27.57
94.5 0.456 24.42
97.3 0.400 25.85
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Table 2. Static-pressure coefficients for i = —1.5 degrees
Pressure Surface Suction Surface
Percent Cp U, Percent Cy U,
Chord (m/sec) Chord (m/sec)
1.0 0.462 24.12 1.0 -1.047 47.04
3.0 0.449 24.40 2.0 -0.306 37.57
4.0 0.451 24.36 3.0 -0.233 36.51
5.0 0.456 24.25 6.0 -0.268 37.02
6.0 0.460 24.16 12.2 -0.254 36.82
12.2 0.486 23.58 18.3 - -0.186 35.81
18.3 0.512 22.98 24.5 -0.111 34.66
245 - 0.536 22.39 30.7 -0.014 33.12
30.7 0.554 21.97 36.8 0.064 31.81
36.8 0.574 21.47 43.0 0.117 30.90
43.0 0.590 21.06 49.2 0.169 29.97
49.2 0.603 20.71 55.3 - 0.228 28.90
55.3 0.610 20.53 61.5 0.275 27.99
61.5 0.618 20.33 67.7 0.311 27.30
67.7 0.614 20.43 73.8 0.333 26.86
73.8 0.608 20.58 80.0 0.354 26.43
82.5 0.589 21.08 82.5 0.355 26.41
85.4 0.579 21.32 88.3 0.372 26.06
88.3 0.566 21.66 94.5 0.369 26.12
91.3 0.544 22.20 97.3 - 0.360 26.29
94.5 0.513 22.94
97.3 0.463 24.10
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Table 3. Static-pressure coefficients for i = —8.5 degrees

Pressure Surface Suction Surface
Percent Cp Ue Percent Cy U.
Chord (m/sec) Chord (m/sec)
1.0 -0.339 38.51 1.0 -0.177 36.10
3.0 0.151 30.66 2.0 -0.180 36.15
4.0 0.186 30.02 3.0 -0.235 36.98
5.0 0.194 29.89 6.0 -0.346 38.61
6.0 0.200 29.77 12.2 -0.389 39.23
12.2 0.284 28.15 18.3 -0.398 39.34
18.3 0.345 26.93 24.5 -0.362 38.85
24.5 0.386 26.07 30.7 -0.297 37.91
30.7 0.419 25.36 36.8 -0.230 36.92
36.8 0.451 24.65 43.0 -0.170 35.99
43.0 0.476 24.09 49.2 -0.114 35.12
49.2 0.494 23.68 55.3 -0.051 34.12
55.3 0.507 23.37 61.5 0.010 33.11
61.5 0.523 23.00 67.7 0.055 32.35
67.7 0.536 22.67 73.8 0.121 31.20
73.8 0.540 22.57 80.0 0.182 30.10
82.5 0.532 22.77 82.5 0.217 29.44
85.4 0.539 22.60 88.3 0.275 28.34
88.3 0.529 22.85 94.5 0.329 27.27
91.3 0.513 23.22 97.3 0.336 27.12
94.5 0.493 23.70
97.3 0.453 24.60




distributions. The mean velocity was taken as

.
Ll DL
n=1
and the variance as
2 1 &
W o= i Z(“" - u)?.

n=1

Local turbulence intensity was taken as Vu’ 2 /u and turbulence intensity was taken as vu'2 JU..

For many of the boundary layers measured, we also computed the skewness and kurtosis (or

flatness) from

1 X
S = Z(un - u)?

Nu?®
ne=l

and

1 X
K = E(un - u)t.

1
Nu' o
In addition, we could easily compute the percent backflow by calculating the portion of the

measured velocity distribution that includes negative velocities.

For all boundary layers and wakes, profiles were defined by statistically treating the data
for six individual experiments. Six experiments were chosen as the statistics found from six
experiments showed less than 1% scatter in the freestream data. Deviation bands represent 95%

confidence levels as determined by a Student’s t test,

Sy

ﬁio.su )

u x

where N is the number of samples. Tabularized data for the Student’s t test yield to.975 = 2.571
when the number of degrees of freedom (N — 1) is five. Tables 4 through 80 show the average
values and corresponding deviation bands for the measurements of all the boundary layers and

wakes.
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